Abstract: An operational strategy for secondary power system restoration using grey relational analysis (GRA) is presented. The restoration scheme can be divided into three steps involving fault section determination, recovering process and voltage correction process. Three GRAs are incorporated to design the overall restoration scheme. The first GRA uses the network-switching status to identify the fault. The second GRA combines the switching states and load levels for network recovery. The third GRA uses capacitor bank control (CBC) to support bus voltages. Optimal power flow (OPF) is also used to verify the proposed scheme by off-line analysis to confirm a secure overall network operation including load -power balance, power generation limits, voltage limits and power flow limits. Computer simulations were conducted with an IEEE 30-bus power system to show the effectiveness of the proposed restoration scheme.
Introduction
Power system security is critical to the system under component faults. In a control centre, system security is related to the major functions including system monitoring, contingency analysis and security-constrained optimal power flow (OPF) [1] . System monitoring provides the online information to operators, including power flows and the status of the protective devices.
With a supervisory control and data acquisition (SCADA) system, operators can control circuit breakers and some critical equipments. This enables the functions of correcting power flow and voltage violations. Contingency analysis programs are used to model the possible system outages and can be combined with OPF to adjust the operation parameters to eliminate violations. During an outage, the pressure for checking the incoming information is high and the operators may make wrong decisions [1] . To reduce the outage duration so that power services can be promptly restored, an effective operational strategy is essential for fault section determination (FSD) and service restoration.
In [2 -4] , expert systems have been presented for power system and distribution system restoration. The expert system contains the knowledge-based and inferenceengine design. Knowledge is obtained from standard operation procedures and experienced operators, whereas the inference mechanism uses rule-based knowledge to handle switching operations. Various inference methods can be used. For example, heuristic rules, topology identification rules and searching rules have all been proposed to generate a switching sequence for the restoration process [2, 4] .
An artificial neural network (ANN)-based scheme can be used for power system restoration because ANN has good generalisation and fast processing capability [5] , and the Petri-net model has also been presented to support the decision-making process for switching operations [3] . These methods have been integrated with expert systems to provide promising results, in contrast to the use of solely rule-based techniques, which are time-consuming and the number of rules is proportional to the size of the system. ANN approaches have also been applied in studies on FSD [6, 7] , power system restoration [5, 8] and feeder capacitor scheduling [9] . However, ANNs have some limitations including their slow learning process, the need for iteration to update weights and the need to determine the network architecture such as the number of hidden layers and hidden nodes. In this paper, grey relational analyses (GRAs) are used to develop the restoration scheme. GRA uses mathematical description for processing binary and numerical data, is a flexible pattern recognition mechanism with add-in and delete-off data and is expandable or reducible without adjusting any parameters.
According to daily load curves and schedules of the shunt capacitors, the restoration scheme of each service zone can be determined for single or multiple faults by using GRAs. Each event might cause changes in the flows and voltages, even affecting the network of a higher level, which has never been studied before. OPF program is used to find these flows and voltages to prevent violations in both the primary and secondary systems. Although OPF takes more time, it ensures the operation be more secure and reliable. In this paper, the overall restoration scheme is designed by using three GRAs: the FSD, recovering process (RP) and voltage correction process (VCP). Besides representing the component status, binary values '0' and '1' are also used to issue 'control commands' in RP and VCP. With an IEEE 30-bus power system and secondary selective distribution networks, test results demonstrate the effectiveness of the proposed scheme. 
Grey relational analysis
GRA is a method to determine the degree of relationship of a reference data to a sequence of data [10, 11] . Let the reference data of test x i (0), i ¼ 1, 2, 3, . . . , n, and K comparative sequences
. . .
X (k)
. . . 
Compute the absolute deviation of the test sequence X test to the kth comparative sequence X(k) by
The deviation matrix DX can be represented by 
The grey relational grades g(k) of the test sequence to the kth sequence can be calculated as
where ED(k) is the Euclidean distance (ED) between vector X test and vector X(k), Dx min and Dx max the minimum and maximum values of the entries of the matrix DX and j the recognition coefficient belonging to the interval (0, 1). For a test sequence X test , we see that ED min ED(k) ED max , 8k ¼ 1, 2, 3, . . . , K. The recognition coefficient j affects the magnitude of grey grades without changing the relative relationships of comparative patterns. The selection of the recognition coefficient is a numerical consideration. If the difference between ED min and ED max is too small to be identifiable, the coefficient j ) 1 can be selected to make the grades more distinguishable [12, 13] , and j ¼ 5 was chosen in this study. The grey relational grades g(k) are inversely proportional to the distances as shown in Fig. 1 .
Grey grades represent the degrees of relationship between the test sequence and the comparison sequence. If a test sequence X test resembles a comparative sequence X(k) the most, the grey grade r(k) deserves the maximum value. Find the maximum grade g max ¼ maxfg(1), g (2), . . . , g(k), . . . , g(K)g and set
where grade g(k) is called the index of the kth comparison sequence data. Introducing r(k) with physical classifications, a mapping matrix W ¼ [w kj ] is introduced to map the two by
The output o j could be found by
Class j is true 0, Class j is false (10) That is, every w kj is assessed by checking the relationship between the comparative sequence k and the Class j. The value will be set to '1' when the two are related; '0' other-
is determined by the number of possible classes j ¼ 1, 2, 3, . . . , N. The calculated value of o i will be equal to either '0' or '1'.
OPF formulation
In this paper, the OPF problem is solved by using MATPOWER [14] with quadratic programming technique and a quasi-Newton approximation for the Hessian matrix. MATPOWER provides a good Matlab TM power system simulation package and has been applied in many researches successfully [15, 16] . The object function is to minimise the total generator fuel cost, that is min where f 1i and f 2i are the costs of active and reactive power for generator i. Typical constraints associated with the OPF problem are [14] 1. active and reactive power balance equations 
3. bus voltage limits at bus i
where max and min represent the upper and lower limits, respectively.
4. active and reactive power generation limits
Besides, the distribution network must remain radial [17] with all the loads connected and is a mandatory requirement in this study.
Restoration scheme
The restoration scheme is divided into FSD, RP and VCP as delineated below.
Fault section determination
When a fault occurs, the fault section is isolated by the operation of corresponding relays and circuit breakers. To reduce the outage duration and restore services, FSD must be done effectively and accurately with fault alarms. Protective devices should operate in a coordinated manner to reduce the risk of equipment damage. Dispatchers can study the changed status of protective devices from SCADA or the energy management system to locate the fault. The on/off binary states of protective devices for any particular fault k would form a symptomatic pattern X(k), which is a comparative sequence for 'comparison' in this paper. The possible fault events considered in this paper are the single fault, multiple faults and faults with failed operation of protective devices. All fault patterns are pre-collected in the database to compose the comparative sequence data X comp , with state '1' for 'Open (switch)' and '0' for 'Close (switch)' [7, 8] , and we have
where Re 1 to Re Nr and CB 1 to CB Nb are the corresponding relays and circuit breakers. With the test sequence of a fault forming an input test vector, the grey relational grades r(k)'s are computed by (5) - (7) and the output vector O 1 can be computed by (9) and (10), as
Note that the outputs are classifications of the physical component faults in this process, with a mapping matrix ð19Þ where class o j means 'fault section j' in this process, which can be represented by 'class'
, with state '1' for 'Fault (section)' and '0' for 'No fault (section)'. Class F j of column j shows the status of section j for each fault; for example, the 1s in F 1 mean that section 1 fault is related to the event 'single fault 1' and two double faults of the last two rows.
Recovering process
After FSD activates to identify the fault, boundary switches are then opened to isolate the downstream loads. The switch states and the unserved loads are known and need to be recovered. RP is the switching operation to restore the loads within unfaulty blackout zones. The objectives of restoration scheme for emergency operation are [2, 3] to: † consider the priority levels of key loads, since the loads must be restored by a sequence of priority levels; † select the supportive transformer and load transfer is allowed up to 90% of the capacity of the transformer; † retain a distribution network radial configuration after service restoration; † restore blackout loads by a sequence of switching operations and the restoration should be accomplished by minimising the number of switching operations; † avoid the component overload in the distribution system.
A secondary selective system is used, for example, as shown in Fig. 2 . To transfer load from a faulty transformer 
where P tr(rat) is the rated capacity of Tr 2 ; P CR the capacity reserve of Tr 2 at hour t, t ¼ 1, 2, 3, . . . , 24; L N number of the served loads by Tr 2 ; P res the capacity of the loads that can be picked up at hour t; L M the number of blackout loads and l Ã the priority index, so that the supportive transformer has enough capacity reserve for the loads L 1 to L l Ã . The size of load pickup depends on the capacity reserve of supportive transformers at any given time. The load curves are used to investigate the normal peak load, light loads and total connected loads. OPF is responsible for verifying that loads can be picked up in large increments considering the constraints. Considering all the faults above, we have the restoration strategy as 
Voltage correction process
VCP could be implemented by the CBC, which will automatically monitor and control switchable capacitor banks. CBC shall analyse prevailing substations and local conditions to switch the capacitors on or off to minimise the feeder loss, that is, the objective is to minimise feeder losses while considering the voltage limit as a constraint [8] . Historical load data can be collected and OPF is used to determine the optimal capacitor schedule. Suppose that C c (t) is the state of a capacitor C c at t, and P[C c (t)] is the feeder loss for the combination of status C c (t)(c ¼ 1, 2, 3, . . . , N c ). CBC can be formulated as
where C c (t) ¼ 1 or 0 at hour t, t ¼ 1, 2, 3, . . . , 24, N C the number of shunt capacitors; V min : the lower voltage limit, V max the upper voltage limit; V b the voltage at Bus b, b ¼ 1, 2, 3, . . . , N V and N V the number of buses.
For various conditions, feeder losses and bus voltages are computed by OPF. If the bus voltage is too low or high, shunt capacitors are switched on or off according to the prescheduled CBC. The switching order and the number of switching capacitors are also determined by OPF. We have ð25Þ where V 1 to V Nv are the solutions of bus voltages for the K events and C 1 (t) to C Nc (t) the computed control commands for CBC, with '0' for 'No operation' and '1' for 'Operation' to invert the original state, that is, class C i (t) of column i shows the required control commands of C i for each event. For various conditions, comparative sequence data and mapping can be systematically collected. Applying bus voltages, the output O 3 is computed by (9) and (10) as
Overall architecture
The architecture of the overall restoration scheme is shown in Fig. 3 . When a fault occurs, incoming states of protective devices are collected from SCADA as the test sequence for GRA1. GRA1 performs the FSD and identifies the operated and non-operated circuit breakers. The states of CB and the number of unserved loads compose the test sequence for GRA2. Then the output switching of protective devices can be determined in GRA2. Power flow results of GRA2 compose a test sequence for GRA3. GRA3 is used to switch capacitors on/off to correct voltage violations. OPF is responsible for checking the restoration strategy, load shedding and the CBC control procedure with operational constraints, including load -power balance, power Simulation results
An IEEE 30-bus system is used as an example in Fig. 4 . The original system has 6 generator buses, 41 transmission lines and 19 lumped loads. The secondary systems used for the proposed restoration scheme are Zones 1 and 2 [8, 15] . Table 1 . Two study cases are chosen for demonstration. Before the fault, the total load of 4.09 and 5.44 MW are in Zones 1-1 and 1-2, respectively, as shown in Fig. 4 . The capacity reserve of supportive transformer Tr2 is 3.56 MW. For the fault, bus relay BR31 operates to trip circuit breakers CB8, CB12 and CB15 to isolate the fault section. The proposed three-step strategies are as follows.
Step 1: In FSD, GRA1 uses the information of protective devices to detect a single fault on Bus 31.
Step 2: After the fault is identified, operable breakers respond to restore loads. Loads L2 (1.28 MW) and L3 (1.11 MW) can be picked up by the supportive transformer Tr2. GRA2 uses the combination of switching states and load levels to switch CB14' and CB17' for load transfer from Zones 1-1 to 1-2.
Step 3: The remote bus voltages of Buses 33 (0.9563/ 26.6278) and 34 (0.9591/26.4868) are close to the low voltage limit. Warning messages appear in the control centre and GRA3 monitors the bus voltages to switch capacitors C4 (1.5 Mvar). The voltages at Buses 33 and 34 become 0.9716/27.4858 and 0.9749/27.3378. Fig. 8 shows the bus voltages before and after restoration. This system can work under security constraints including the power flow limit, load-power balance and power generation limit, as shown in Table 2 . The total cost is reduced from $975.08 to $975.04 per hour and the total loss is reduced from 4.05 to 4.01 MW. For comparison purposes, a restoration scheme based on ANNs was also developed with the multilayer neural networks for tests. An ANN method was used with multilayer architecture and learning rate h (0 , h 1). The back-propagation learning algorithm was used with the same data for training as shown in Table 1 . ANNs have the same inputs and outputs as GRAs for the proposed three-step strategies. The results of both methods are shown in Table 3 . ANN's network weights and learning rate h were determined by the tedious trial-and-error procedure. When the training was finished, all weights and learning rate were frozen. ANNs have some limitations including their slow learning process, the need for iteration to update weights, need to chose learning rates (h ¼ 0.2, 0.4, 0.6, 0.8) and the need to determine the network architecture such as the number of hidden layers and hidden nodes. With various tests, we can see that the GRAs need no training time and iterations. Although the GRAs' matrix sizes (16-22-6, 11-22-9, 8-22-4) are slightly greater than ANNs, the execution time is very close to each other. With the same test data, the proposed method shows better performance than ANNs. One hidden layer is used in this paper and the number of hidden nodes is determined by the experience formulas. For Zones 1-1 and 1-2, three multilayer architectures are 16-11-6, 11-10-9 and 8-6-4 for constructing the restoration scheme based on ANNs. Table 3 shows that the proposed method is a better performer.
Case 2: multiple faults with failed device
Assume that multiple faults occur on Tr2 and Line3 at 6:00 a.m.. Before the faults, the total load of 3.36 and 4.46 MW are in Zones 1-1 and 1-2. The capacity reserve of supportive transformer Tr1 is 5.64 MW. When multiple faults occur in Zone 1-2, relays TR2, LR18 and LR19 operate to trip circuit breakers CB10, CB11, CB18 and CB19 to isolate the faults. Primary relay LR19 has failed to operate CB19 and backup CB10 has tripped. Incoming alarm signals involving one error on CB19 are applied to the restoration scheme. The overall procedures with three steps are as follows.
Step 1: GRA1 uses the information of protective devices to detect the faults on Tr2 and Line3.
Step 2: Loads L4 (1.99 MW), L5 (1.60 MW) and L6 (0.87 MW) can be picked up by the supportive transformer Tr1. There are three paths that can be selected for restoration as shown in Table 4 .
Step 3: the bus voltages and line flow before and after restoration are shown in Figs. 9 and 10, respectively.
OPF is used to check the restoration plans with security constraints. It is found that selecting Path 1 can maintain the overall bus voltages above 0.975 p.u. and can reduce the total cost and loss and also the number of switching operations. Results of the comparative analysis with ANN Table 5 . It shows that the proposed method provides promising results.
Conclusion
This paper has presented emergency operation strategies for power system restoration using novel GRAs. The proposed 
